Graphical Abstract Highlights d E-and M-BCSCs have divergent sensitivities to glycolysis or redox metabolism inhibition d Hypoxic or oxidant stress promotes M to E state transition by activating AMPK-HIF1a d E-BCSCs are more oxidative (OXPHOS) and reliant on NRF2 antioxidant responses d Co-inhibition of glycolysis and TXN and GSH pathways targets both M-and E-BCSCs SUMMARY Although breast cancer stem cells (BCSCs) display plasticity transitioning between quiescent mesenchymal-like (M) and proliferative epithelial-like (E) states, how this plasticity is regulated by metabolic or oxidative stress remains poorly understood. Here, we show that M-and E-BCSCs rely on distinct metabolic pathways and display markedly different sensitivities to inhibitors of glycolysis and redox metabolism. Metabolic or oxidative stress generated by 2DG, H 2 O 2 , or hypoxia promotes the transition of ROS lo M-BCSCs to a ROS hi E-state. This transition is reversed by N-acetylcysteine and mediated by activation of the AMPK-HIF1a axis. Moreover, E-BCSCs exhibit robust NRF2-mediated antioxidant responses, rendering them vulnerable to ROSinduced differentiation and cytotoxicity following suppression of NRF2 or downstream thioredoxin (TXN) and glutathione (GSH) antioxidant pathways. Co-inhibition of glycolysis and TXN and GSH pathways suppresses tumor growth, tumor-initiating potential, and metastasis by eliminating both M-and E-BCSCs. Exploiting metabolic vulnerabilities of distinct BCSC states provides a novel therapeutic approach targeting this critical tumor cell population.
In Brief Luo et al. report that metabolic stressors modulate breast cancer stem cell (BCSC) state dynamics through ROS-mediated activation of the AMPK-HIF1a axis. They further describe the metabolic pathways and vulnerabilities of epithelial-and mesenchymal-like BCSCs and build a conceptual framework to effectively target both BCSC states in PDX and systemic metastasis models of TNBC.
INTRODUCTION
Breast cancer (BC) is a complex disease in which six different subtypes have been defined based on distinct gene expression signatures and histological characteristics (Cancer Genome Atlas Network, 2012; Prat and Perou, 2011) . While therapeutics targeting estrogen receptor (ER) and epidermal growth factor receptor family member HER2 or ErbB2 have provided substantial clinical benefits for ER+ and HER2+ BC, treatment of patients with triple-negative BC (TNBC) has been challenging due to dis-ease heterogeneity and the absence of effective molecularly targeted therapeutics. One reason for the lack of efficacy of current therapies for TNBC may be the inability of these therapies to effectively target ''cancer stem cells'' or ''tumor initiating cells.'' These cells, residing at the apex of tumor heterogeneity, are inherently resistant to chemotherapy and ionizing radiation, leading to treatment resistance and metastases (Balic et al., 2006; Creighton et al., 2009; Dean et al., 2005; Diehn et al., 2009) .
Recent studies demonstrate that breast cancer stem cells (BCSCs) exhibit plasticity that enables them to transition between two phenotypic states: a proliferative, epithelial-like (E) state, characterized by high expression of aldehyde dehydrogenase (ALDH); and a quiescent, invasive, mesenchymal-like (M) state, characterized by CD24 À CD44 + expression (Liu et al., 2013) . The transition of BCSCs from the E to the M state closely resembles the epithelial-to-mesenchymal transition (EMT), which is associated with the acquisition of stem cell properties (Mani et al., 2008) . The equilibrium of these BCSC states is regulated by the tumor microenvironment via multifaceted mechanisms including cytokine or chemokine signaling and genetic or epigenetic regulation of key transcription factors, growth factor receptors, and microRNAs or LncRNAs (Brooks et al., 2015; Luo et al., 2015a; Zhu et al., 2014) . For example, HER2 overexpression drives the self-renewal of ALDH + E-BCSCs that are sensitive to the HER2 antibody trastuzumab (Ithimakin et al., 2013) . In contrast, resistance to the HER2 blockade is associated with an increase in CD24 À CD44 + M-BCSCs resulting from the activation of an IL6-driven inflammatory loop . In trastuzumab-resistant HER2+ BC, a combinatory approach targeting the IL6 receptor (by tocilizumab) and HER2 (by trastuzumab) synergistically abrogates tumor growth and metastases by eliminating both M-and E-BCSCs , illustrating a novel treatment approach targeting both BCSC states. However, combinatory approaches targeting distinct CSC states in TNBC have not been developed.
The plasticity of BCSCs that allows them to transition between proliferative E and invasive M states facilitates their ability to initiate and grow primary tumors, invade the basement membrane, traverse tissue vasculature, and ultimately colonize distant organs to form clinically significant metastases (Luo (legend continued on next page) et al., 2015a, 2015b) . This model of BCSC plasticity complements the current model of cancer metastasis, in which EMT drives tumor cell invasion and dissemination and the converse mesenchymal-to-epithelial transition (MET) drives proliferation and metastatic colonization (Brabletz, 2012; Nieto et al., 2016) . The dynamic equilibrium of CSCs in E-and M-like states suggests that therapeutic approaches targeting either state alone may not be sufficient to eliminate CSCs, since the targeted cell population could be rapidly regenerated by CSCs in alternating states.
Historically, Otto Warburg reported that cancer cells preferentially utilized aerobic glycolysis to generate copious amounts of lactate, regardless of the presence of oxygen (Warburg et al., 1927) . This increased glycolysis is beneficial not only for cellular bioenergetics but also for the generation of metabolic intermediates important for tumor macromolecular biosynthesis. Despite intensive studies documenting that cancers are addictive to glycolysis, glycolytic inhibitors such as 2-deoxyglucose (2DG) and lonidamine have little or no effect on solid tumor growth in clinical settings (Papaldo et al., 2003; Prasanna et al., 2009) . Although the mechanisms accounting for the lack of sensitivity of cancer cells to glycolytic inhibition remain to be characterized, a recent study suggested that mTORC1-dependent metabolic rewiring underlies the escape of cancer cells to glycolytic addiction (Pusapati et al., 2016) . Currently, little is known about the metabolic heterogeneity of distinct CSC states and how these states respond to metabolic stressors such as glycolytic inhibition, nutrient deprivation, hypoxia, and oxidative stress. These metabolic differences in M-and E-like CSCs may contribute to the resistance of cancers to glycolytic inhibition and play critical roles in both tumor cell survival and tumor progression under metabolic stress. Furthermore, elucidation of the metabolic differences of distinct CSC states may help to define and exploit their metabolic vulnerabilities and provide a conceptual framework to effectively target this critical tumor cell population.
Here, we examined how metabolic or oxidative stress modulates the state dynamics of BCSCs, and we identified markedly different responses of M-and E-BCSCs to oxidant stress closely linked to their distinct metabolic pathways and redox potential. We developed a combinatory strategy to exploit metabolic vulnerabilities of distinct BCSC states by co-inhibition of glycolysis and antioxidant pathways mediated by NRF2-TXN and GSH. Co-inhibition of these metabolic pathways effectively targeted BCSCs, resulting in reduced tumor growth, tumor-initiating capacity, and metastasis.
RESULTS

The Glycolytic Inhibitor 2DG Selectively Decreases M-BCSCs While Increasing E-BCSCs
To determine whether glycolytic inhibition by 2DG affects BCSC state equilibria, we treated basal BC cell lines SUM149 ( Figure 1A) and HCC1806 ( Figure 1B) with 2DG, which significantly decreased the content of CD24 À CD44 + M-BCSCs while increasing ALDH + E-BCSCs in a dose-dependent manner. These different responses of M-and E-BCSCs to 2DG were also observed in luminal BC cell lines MCF7 ( Figure 1C ) and T47D (Figure 1D) . 2DG treatment also decreased the absolute number of M-BCSCs in SUM149 ( Figure S1A ) and T47D ( Figure S1B ) in a dose-dependent manner, while the total number of E-BCSCs was significantly increased in SUM149 treated with 20 mM 2DG ( Figure S1A ). In T47D cells, 2DG was toxic at 20 mM; however, 10 mM 2DG significantly decreased the total number of M-but not E-BCSCs ( Figure S1B ). This specific reduction of M-BCSCs by 2DG was not due to apoptotic cell death as assessed by Annexin V labeling, although 2DG at 10 or 20 mM significantly induced apoptosis in the differentiated tumor cells that constitute the CD24 + CD44 À population ( Figure 1E ).
Glycolytic Inhibition, via Oxidant Stress, Promotes the Transition of BCSCs from the M to the E State, an Effect Reversible by NAC
The reduction of M-BCSCs associated with an increase of E-BCSCs by 2DG led us to investigate whether these results could be accounted for by a BCSC state transition driven by oxidant stress, since 2DG selectively increases oxidative stress in cancer versus normal cells (Aykin-Burns et al., 2009; Li et al., 2015; Shutt et al., 2010) . In untreated SUM149 BC cells, both CD24 À CD44 + M-and ALDH + E-BCSCs display significantly lower reactive oxygen species (ROS) levels than ALDH À CD24 + CD44 À bulk tumor cells ( Figure 1F ). However, E-BCSCs exhibited significantly higher ROS levels than M-BCSCs. ROS levels were significantly increased in all cell populations following treatment with 2DG ( Figure 1F ).
We next examined the source of ROS in E-BCSCs. MitoSOX Red oxidation, an indicator of mitochondrial superoxide generation in SUM149 ( Figure S1C ) and HCC1806 ( Figure S1D ) was significantly higher in ALDH + versus ALDH À cells that contain M-BCSCs and bulk tumor cells. Thus, increased oxidative phosphorylation (OXPHOS), a major source of ROS, may contribute to the higher ROS levels in E-BCSCs, which is consistent with a recent study demonstrating that ALDH + E-BCSCs displayed increased mitochondrial mass and activity (Lamb et al., 2015) . Treatment with 2DG (20 mM, 16 hr) significantly increased mitochondrial superoxide generation in both ALDH À and ALDH + cells ( Figure S1E ), suggesting that glycolytic inhibition promotes OXPHOS, leading to increased mitochondrial ROS.
To determine whether oxidant stress generated by 2DG or exogenous H 2 O 2 promotes transition of ROS lo M-BCSCs to a ROS hi E-state, we seeded CD24 À CD44 + M-BCSCs and CD24 + CD44 À bulk cells (ALDH + cells not excluded) and treated them with 2DG, H 2 O 2 , NAC, or NAC+2DG for 40 hr. Examination of ALDH + cell content in untreated M-BCSCs and bulk cells indicated that the proportion of ALDH + cells was significantly higher (G) CD24 À CD44 + M-BCSCs and CD24 + CD44 À bulk cells were plated and treated with 2DG (20 mM), H 2 O 2 (200 mM), NAC (1 mM), or 2DG+NAC for 40 hr and analyzed for ALDH + cell content. *, **, ***: p < 0.05, 0.01 and 0.001, respectively (versus untreated). (H) ALDH + and ALDH À cells from SUM149 were plated and treated with NAC for 24 hr and then analyzed for E-and M-BCSCs. *, **: p < 0.05 or 0.01 (versus no NAC).
(I) Schematic model of redox-regulated BCSC state equilibria. Error bars represent SD. in bulk cells (4.4% ± 0.1%) versus M-BCSCs (0.53% ± 0.03%) ( Figure 1G ), reflecting that E-and M-BCSCs are two distinct populations (Ginestier et al., 2007) . Although 2DG or H 2 O 2 slightly increased ALDH + content in pre-seeded bulk cells, the fold increase of ALDH + cells in pre-seeded M-BCSCs after 2DG (456% increase) or H 2 O 2 (564% increase) treatment was significantly higher ( Figure 1G ). This suggests that a state transition from M-to E-BCSCs largely accounts for the significant increase of ALDH + cells in pre-seeded M-BCSCs following 2DG or H 2 O 2 treatment. A similar state transition of M-to E-BCSCs induced by 2DG or H 2 O 2 was also observed in HCC1806 (Figure S1F) . Treatment with the thiol antioxidant NAC significantly reduced the proportion of ALDH + cells in pre-seeded M-BCSCs and bulk cells, and combined treatment with NAC and 2DG partially inhibited the increase of ALDH + cells induced by 2DG ( Figure 1G ), confirming the role of oxidant stress in mediating CSC state transition.
The reduction of E-BCSCs by NAC prompted us to examine whether NAC promotes the transition of ROS hi E-BCSCs to a ROS lo M state. ALDH + E-BCSCs and ALDH À bulk cells from SUM149 were sorted, plated, and treated with or without NAC for 24 hr. NAC significantly decreased E-but increased M-BCSCs in pre-seeded ALDH + and ALDH À cells in a dosedependent fashion ( Figure 1H ), suggesting an E to M transition of BCSCs induced by NAC.
We next examined how changing mitochondrial ROS modulates BCSC state dynamics. Treatment of SUM149 with MitoPQ, a compound that selectively increases superoxide production in mitochondria (Robb et al., 2015) , significantly enhanced E-but reduced M-BCSCs in a dose-dependent manner ( Figure S1G ). In contrast, MitoTEMPO, a specific scavenger of mitochondrial superoxide (Dikalova et al., 2010) , dose-dependently decreased E-BCSCs and partially inhibited the increase of E-BCSCs induced by 2DG ( Figure S1H ). Unlike NAC ( Figure 1H ), MitoTEMPO slightly decreased M-BCSCs ( Figure S1H ), suggesting multiple mechanisms of antioxidant regulation of BCSC state dynamics. The differential effects of NAC and MitoTEMPO on M-BCSC may explain their divergent roles in promoting (Piskounova et al., 2015) or suppressing (Porporato et al., 2014) metastasis respectively. Together, our studies demonstrated that increased oxidant stress generated by 2DG or H 2 O 2 promotes ROS lo M-BCSCs to undergo a state transition resembling MET, generating E-BCSCs. In contrast, NAC induces ROS hi E-BCSCs to undergo an EMT-like transition, generating M-BCSCs ( Figure 1I ).
E-and M-BCSCs Are Driven by Distinct Metabolic Pathways and Display Enhanced Metabolic Plasticity in Response to Glycolytic Inhibition
To investigate the metabolic pathways active in E-and M-BCSCs, we performed RNA sequencing using E-and M-BCSCs and bulk tumor cells isolated from two PDX models of TNBC, Vari068 and MC1. iPathway analysis of the RNAseq data identified pathways significantly enriched in E-and M-BCSCs versus bulk tumor cells in Vari068 (Figures 2A and 2B) and MC1 ( Figures S2A and S2B ). Remarkably, three independent pathways including cell cycle, OXPHOS, and glutathione metabolism were commonly enriched in E-BCSCs of Vari068 ( Figure 2A ) and MC1 ( Figure S2A ). Further dissection of OXPHOS regulatory genes indicated that genes from the electron transport chain (ETC) complex I to V were systemically elevated in E-BCSCs of Vari068 ( Figure 2C ) and MC1 ( Figure S2C ). This suggests that proliferative E-BCSCs have increased mitochondrial OXPHOS coupling with enhanced glutathione metabolism and antioxidant defenses. In contrast to E-BCSCs, the pathways enriched in M-BCSCs of Vari068 ( Figure 2B ) and MC1 (Figure S2B) appeared to be more heterogeneous, as only the cytokine-cytokine receptor interaction pathway was shared by both PDXs. However, the glycolysis and gluconeogenesis pathway was significantly enriched in M-BCSCs of Vari068 ( Figure 2B ), consistent with previous studies indicating increased glycolysis in M-BCSCs (Ciavardelli et al., 2014; Dong et al., 2013) .
We also constructed heatmaps of annotated metabolic pathway genes including glycolysis and OXPHOS in Vari068 and MC1. As shown in Figure S2D , systemic elevation of glycolytic-pathway, including glucose transporters (Gluts) and a spectrum of enzymes of glycolysis and pentose phosphate pathway (PPP), were found in E-and M-BCSCs of Vari068. In MC1, elevation of the glycolytic pathway-including PPP-was more pronounced in E-BCSCs, although a number of glycolytic genes (i.e., Glut3, 6, 9, HK2, PGM2, PFKP, PFKFB4, PGAM5, and ENO3) were also elevated in M-BCSCs ( Figure S2G ). Despite the robustly elevated expression of genes involving the glycolytic pathway, different patterns of glycolysis and PPP gene expression in M-and E-BCSCs were also evident in Vari068. Specifically, a wide variety of glycolytic enzymes ranging from HK1 to LDHD were highly elevated in M-but less robustly elevated in E-BCSCs. In contrast, various PPP enzyme genes, including the rate-limiting G6PD, were highly elevated in E-but less robustly elevated in M-BCSCs ( Figure S2D ). This suggests that E-BCSCs may have elevated PPP shunting. Consistent with the iPathway analyses, mitochondrial genes of the TCA cycle Figures S2G and S2I ). This robust expression of OXPHOS regulatory genes in E-BCSCs supports the idea that mitochondrial respiration is important to the maintenance of this proliferative CSC state.
To characterize the metabolic states of E-and M-BCSCs in glycolysis-enabled and -inhibited conditions, we utilized fluorescence lifetime imaging microscopy (FLIM) of the endogenous metabolic cofactor NADH, which exhibits long or short fluorescent lifetimes in its mitochondrial-protein-bound (OXPHOS) or -unbound (glycolysis) state, respectively (Kolenc and Quinn, 2018; Stringari et al., 2012) . This allows measurement of the relative balance of short versus long lifetimes of NADH to examine (D and E) E-(ALDH + ) and M-(ALDH À CD24 À CD44 + ) BCSCs and bulk cells (ALDH À CD24 + CD44 À ) from HCC1806 were plated, treated with or without 2DG, and measured by FLIM immediately or after 1 hr culture (D) and NADH Lifetimes calculated from 400-500K cells in each condition (E). Bar: 40 mm, all p < 3 3 10 À18 . Error bars represent SD. (legend continued on next page) the transitions between glycolysis and oxidative metabolism at single-cell resolution. As shown in Figure 2D , untreated E-and M-BCSCs as well as bulk tumor cells from HCC1806 displayed much shorter NADH lifetimes as compared to 2DG-treated cells; this is indicative of a higher glycolytic state in glycolysis-enabled conditions. Calculation of NADH lifetimes revealed that E-and M-BCSCs in 2DG-untreated condition displayed significantly higher and lower NADH lifetimes, respectively, than bulk tumor cells, (Figure 2E ); this suggests that E-BCSCs are more oxidative and M-BCSCs are more glycolytic in glucose-rich medium. Interestingly, when these cells were treated with 2DG and measured by FLIM (2DG 30 min_t 0 ), we observed significantly increased NADH lifetimes for all three cell subsets, but the E-BCSCs exhibited the longest NADH lifetimes, which were significantly higher than those of bulk cells and M-BCSCs ( Figure 2E ). When 2DG-treated cells were cultured for 1 hr in fresh medium and then measured by FLIM (2DG 30 min_t 60 ), NADH lifetimes of M-BCSCs were further increased ( Figure 2E ), suggesting that M-BCSCs are able to gradually boost OXPHOS in response to glycolytic inhibition. These results, together with increased expression of glycolysis and OXPHOS regulatory genes in E-and M-BCSCs, strongly support the notion that E-and-less robustly-M-BCSCs possess enhanced metabolic plasticity in response to metabolic stress (i.e., 2DG).
ROS-Induced BCSC Transition from the M to the E State Is Facilitated by Activation of the AMPK-HIF1a Axis
To investigate the molecular mechanisms underlying redox-regulated BCSC state transition, we examined the activation of the AMPK-HIF1a axis, which is regulated by metabolic or oxidative stress (Jeon et al., 2012; Jung et al., 2008) . Modest levels of HIF1a were found to be constitutively expressed in three TNBC cell lines including SUM149 ( Figure 3A ), HCC1937 ( Figure S3A ) and HCC1806 ( Figure S3B ). Treatment with 2DG or H 2 O 2 for 1.5 hr resulted in enhanced HIF1a protein expression, which was accompanied by increased Ser79 phosphorylation of Acetyl-CoA carboxylase (ACC), a marker of AMP-activated protein kinase (AMPK) activation (Figures 3A, S3A, and S3B). In contrast, treatment with NAC blunted basal HIF1a expression, which was accompanied by reduced Ser79 phosphorylation of ACC ( Figure 3B ). This suggests that increased ROS, through activation of AMPK, stabilized HIF1a, whereas NAC decreased HIF1a stability by reducing AMPK activity. We also compared HIF1a stabilization induced by 2DG or H 2 O 2 and by hypoxia-mimetic cobalt chloride (CoCl 2 ) in HCC1806. CoCl 2 induced HIF1a stabilization without activation of AMPK ( Figure S3B ), suggesting different mechanisms of HIF1a stabilization by ROS and CoCl 2 .
We next investigated to what extent AMPK activation is required for ROS-induced HIF1a stabilization. Treatment of SUM149 with Compound C, an AMPK inhibitor, effectively blocked basal HIF1a expression and HIF1a induction by 2DG ( Figure 3C ) or H 2 O 2 ( Figure 3D ) in a dose-dependent manner. This Compound-C-mediated inhibition of AMPK-HIF1a signifi-cantly compromised H 2 O 2 -induced transition of BCSCs from the M to the E state ( Figure 3E ). As Compound C may affect HIF1a stability independent of AMPK (Emerling et al., 2007) , we employed AICAR, an AMP analog activating AMPK independent of ROS, to further address whether activation of AMPK-HIF1a modulates BCSC state equilibria. Treatment with AICAR dose-dependently activated the AMPK-HIF1a axis in SUM149 ( Figure S3C ) and HCC1806 ( Figure S3D ), leading to significantly increased E-but decreased M-BCSCs ( Figure S3E ). This suggests that AICAR is able to induce the transition of BCSCs from the M to the E state independent of ROS.
To determine whether AMPK exerts its effect on CSC state transition through HIF1a, we next utilized SUM149 to express five different shRNAs against human HIF1a or a scrambled sequence (SCR). In parental SUM149 cells, constitutive expression of HIF1a and HIF2a was observed ( Figure 3F , line 1). Following H 2 O 2 stimulation, HIF1a in parental and SCR lines was enhanced, and HIF2a was decreased ( Figure 3F , lines 2 and 3), indicating markedly different regulation of HIF1a and HIF2a in response to oxidant stress. In all five HIF1a-knockdown lines, a significant reduction of HIF1a protein levels was observed following H 2 O 2 stimulation ( Figure 3F ), but HIF2a was significantly elevated in three HIF1a-knockdown lines (3809, 3810, and 10819). The establishment of two HIF1a-knockdown lines without apparent HIF2a compensatory responses (3808 and 3811) provides a unique tool for assessing the role of HIF1a in ROS-induced BCSC state transition. Further studies of the HIF1a-knockdown lines 3808 and 3811 indicated that HIF1a knockdown significantly decreased E-BCSCs ( Figure 3G ), suggesting a role for HIF1a in maintaining E-BCSCs. We also observed compromised transition of BCSCs from the M to the E state following H 2 O 2 stimulation in the HIF1a-knockdown lines, but not the SCR line ( Figure 3H ), suggesting that HIF1a knockdown results in BCSCs persistently residing in the M state. Of note, although HIF1a knockdown blocked H 2 O 2 -induced M to E transition, the content of E-BCSCs was still significantly increased by H 2 O 2 ( Figure 3G ), suggesting that oxidant stress propagates E-BCSCs independent of HIF1a.
We next examined whether HIF1a knockdown blocks AICARmediated BCSC state transition and observed similarly compromised M to E transition of BCSCs in HIF1a-knockdown but not SCR cells ( Figure S3F ). Unlike H 2 O 2 , AICAR treatment did not significantly increase E-BCSCs in HIF1a-knockdown lines 3808 and 3811, suggesting divergent mechanisms of AICAR and ROS to modulate BCSC state dynamics. Both AICAR and ROS induced HIF1a-dependent transition of BCSCs from the M to the E state ( Figures 3G, 3H , and S3F). However, ROS also elicited a HIF1a-independent process propagating E-BCSCs ( Figure 3G ).
Hypoxia Promotes M to E Transition of BCSCs in a HIF1a-Dependent Manner
Intratumoral hypoxia is commonly found in advanced cancers, promoting tumor metastasis and therapeutic resistance through stabilization of HIF1a (Wilson and Hay, 2011) . We previously showed that tumor hypoxia generated by anti-angiogenic agents enriches E-BCSCs in tumor hypoxic zones in a HIF1a-dependent manner (Conley et al., 2012) . As hypoxia stabilizes HIF1a by ROS-dependent and -independent mechanisms (Chandel et al., 2000; Maxwell et al., 1999) , we determined whether hypoxia promotes the enrichment of E-BCSCs by inducing M to E state transition. Culturing SUM149 ( Figure 3I ) or MCF7 ( Figure 3J ) in a hypoxic chamber (1% O 2 ) for 48 hr led to a significant increase in E-BCSCs, with a concomitant decrease in M-BCSCs compared to cells cultured under normoxic conditions. This suggests that hypoxia induces BCSC phenotypic transition from M to E states.
We next determined whether knockdown of HIF1a compromises hypoxia-induced BCSC state transition. Culturing HIF1a SCR cells under hypoxic versus normoxic conditions led to a significant increase in E-( Figure S3G , upper) but a decrease in M-( Figure S3G , lower) BCSCs. This reduction of M-BCSCs was significantly reduced in HIF1a-knockdown lines 3808 and 3811 following hypoxia treatment, suggesting a compromised M to E state transition. Similar to H 2 O 2 treatment, hypoxia significantly increased E-BCSCs in HIF1a-knockdown lines ( Figure S3G , upper), confirming that hypoxic or oxidant stress propagates E-BCSCs independent of its effect on HIF1a.
ROS-Stimulated NOTCH and NRF2 Pathways Contribute to the Propagation of E-BCSCs
To elucidate the alternative pathways contributing to ROSinduced propagation of E-BCSCs, we next conducted quantitative real-time PCR (qRT-PCR) analyses using SUM149 cells treated with or without 2DG (20 mM, 8 hr) and found that the expression of NOTCH pathway gene NOTCH1 and its downstream target HES1 was significantly upregulated by 2DG ( Figure S3H ). Further analysis of SUM149 SCR or HIF1a-knockdown lines confirmed that treatment with H 2 O 2 (200 mM, 8 hr) significantly induced NOTCH1 ( Figure 3K ) and HES1 ( Figure 3L ) expression in a HIF1a-dependent manner, consistent with our previous study in which activation of NOTCH pathway was associated with hypoxia-induced ALDH + BCSCs (Conley et al., 2012) . Treatment of SUM149 BC cells with an inhibitor of NOTCH signaling, gamma secretase inhibitor (GSI), at doses of 1 to 10 mM for 24 hr significantly inhibited E-BCSCs ( Figure S3I , left). Moreover, GSI at concentrations of 3 to 10 mM, but not 1 mM, also reduced M-BCSCs ( Figure S3I , right).
We next determined to what extent the expression of ALDH1A1 and ALDH1A3, two major isoforms expressed in ALDH + E-BCSCs, are affected by oxidant stress. qRT-PCR analyses revealed that ALDH1A3, the major ALDH isoform expressed in SUM149, was significantly upregulated by 2DG ( Figure S3J ). Further studies with SUM149 SCR or HIF1a-knockdown cells confirmed that H 2 O 2 treatment moderately induced ALDH1A1 ( Figure 3M ) and, more robustly, ALDH1A3 ( Figure 3N ) expression, an effect that was not significantly affected by the knockdown of HIF1a. This HIF1a-independent activation of ALDH1A1/3 gene expression by oxidant stress may account for the fact that H 2 O 2 or hypoxia propagates E-BCSCs independent of HIF1a. The elevated expression of ALDH genes by oxidative stress also indicates that these genes play functional roles for the protection and maintenance of E-BCSCs.
The family of ALDH genes including ALDH1A1/3 is among the many target genes of NRF2-mediated antioxidant responses (Gorrini et al., 2013; Hayes and Dinkova-Kostova, 2014) . To determine whether H 2 O 2 induces NRF2 activity, we established a NRF2-reporter cell line expressing firefly luciferase (ARE-LUC) driven by the antioxidant response element (ARE). H 2 O 2 at 100 to 200 mM significantly induced NRF2 reporter activity, while H 2 O 2 at 400 to 800 mM reduced or abolished NRF2 activity, presumably due to the cytotoxic effect of high H 2 O 2 concentrations ( Figure 3O ). Together, our studies identify three different mechanisms of regulation of BCSC state dynamics: 1) conversion of M-to E-BCSCs mediated by AMPK-HIF1a, 2) activation of the HIF1a-NOTCH self-renewal pathway, and 3) activation of NRF2-mediated ALDH1A1/3 expression independent of HIF1a ( Figure 3P ). E-BCSCs Display Robust NRF2 Antioxidant Responses, which Support Their Maintenance, Sphere-Forming Activity, and Tumor-Initiating Potential The resistance of E-BCSCs to oxidative stress prompted us to explore the mechanisms underlying their ability to survive stressful metabolic conditions. Gene profiling of antioxidant genes in Vari068 and MC1 PDX models revealed that NRF2 (NFE2L2) and a wide variety of NRF2 antioxidant-responsive genes including the family of drug transporters and detoxification enzymes, NADPH production, and TXN and GSH antioxidant pathways were all robustly elevated in E-BCSCs versus M-BCSCs or bulk tumor cells ( Figure 4A ). This suggested that elevated NRF2 antioxidant defenses may be critical for E-BCSCs to cope with higher ROS levels and to survive under metabolic or oxidative stress.
To determine whether the increased NRF2 expression in E-BCSCs observed in two PDXs of TNBC is recapitulated in the prototype basal BC cell line SUM149, we performed qRT-PCR analysis of isolated E (ALDH + ) and M (ALDH À CD24 À CD44 + ) BCSCs and bulk tumor cells (ALDH À CD24 + CD44 À ). NRF2 mRNA expression was significantly higher in E-BCSCs versus M-BCSCs and bulk tumor cells ( Figure 4B ), while the latter two populations displayed no significant difference in NRF2 expression.
To determine whether E-BCSCs exhibit constitutively higher NRF2 activity, we established NRF2 fluorescent reporter cells expressing mCherry driven by an NRF2-binding ARE. Flow cytometry of the cells expressing 1xARE_mCherry versus empty vector revealed that 46% of SUM149 BC cells exhibited NRF2 reporter activity ( Figure 4C ). Further analysis of mCherry mean fluorescent intensity (MFI) indicated that ALDH + cells displayed significantly higher NRF2 reporter activity than ALDH À cells ( Figure 4D ).
Recent studies have indicated that NRF2 is necessary to maintain tumor cell proliferation by preventing oxidative inactivation of protein translation machinery (Chio et al., 2016) . To investigate the role of NRF2 in maintaining BCSC activity, we treated SUM149 with a NRF2 inhibitor, Trigonelline (Arlt et al., 2013; Syu et al., 2016) , for 40 hr. Treatment with Trig led to significantly decreased E-BCSCs ( Figure 4E ) but not M-BCSCs ( Figure 4F ) in a dose-dependent manner. This abrogation of E-but not M-BCSCs by Trig was also observed in T47D luminal BC cells ( Figure S4A ). We also utilized SUM149 BC cells to express scrambled (SCR) and different shRNA sequences against human NFE2L2 or NRF2. Expression of two distinct NRF2 hairpins, 7555 and 7557, led to significantly decreased basal NRF2 expression by over 80% (Figure 4G) , and significantly decreased E-BCSCs ( Figure 4H ) but not M-BCSCs (Figure 4I ), confirming the specific effect of targeting NRF2 to abrogate proliferative E-BCSCs.
We next assessed tumorsphere formation in low-attachment conditions (a property of CSCs) to examine to what extent NRF2 knockdown impairs the proliferative and self-renewal activities of BCSCs. NRF2 knockdown by 7555 or 7557 significantly decreased SUM149 primary ( Figure 4J ) and secondary ( Figure 4K ) sphere formation, as well as the size of spheres (Figure S4B) , indicating a role for NRF2 in supporting the proliferation of BCSCs and progenitor cells. The impaired sphere-forming capacity following NRF2 knockdown was rescued by NAC ( Figure S4C ), confirming the role of NRF2 in supporting BCSC activity through antioxidant defenses. As NRF2-mediated antioxidant-responsive genes were more robustly expressed in E-than in M-BCSCs, we also examined how NRF2 knockdown affects sphere formation of E-and M-BCSCs. Surprisingly, sphere formation of CD24 À CD44 + (M) or ALDH + (E) BCSCs were both significantly decreased by NRF2 knockdown (Figure S4D) . The ability of NRF2 knockdown to inhibit sphere formation of M-BCSCs suggests that these quiescent CSCs may have to transition to their proliferative E state in order to form spheres in suspension culture, rendering them sensitive to knockdown of NRF2-mediated antioxidant responses. This requirement for NRF2 in maintaining the self-renewal and proliferative activity of BCSCs was further confirmed by tumor-initiating studies in immune-deficient mice, as knockdown of NRF2 by 7555 significantly impaired tumor-initiating potential of SUM149 BC cells ( Figure S4E ).
Inhibition of TXN and GSH Antioxidant Pathways
Downstream of NRF2 Abrogates E-BCSCs, But Not M-BCSCs Previous studies have indicated that the GSH and TXN antioxidant pathways downstream of NRF2 synergize to drive tumor initiation and progression (Harris et al., 2015) . Treatment of SUM149 BC cells with Auranofin (AUR), a specific inhibitor of TXN reductase (TR), at 0.3 mM but not at 0.1 mM led to a significantly reduced proportion and absolute number of E-but not M-BCSCs ( Figures 5A, 5B, S5A, and S5B) . In contrast, treatment with 10 mM of L-buthionine-sulfoximine (BSO), an inhibitor of GSH biosynthesis, significantly increased the content and absolute number of E-but not M-BCSCs. This stimulatory effect of BSO on E-BCSCs reflects a compensatory, increased TXN pathway when GSH biosynthesis is inhibited (Fath et al., 2011; Harris et al., 2015) . Although 0.1 mM AUR or 10 mM BSO did not inhibit E-BCSCs, a combination of AUR (0.1 mM) and BSO (10 mM) significantly decreased the content (Figures 5A and  5B ) and absolute number ( Figures S5A and S5B ) of E-but not M-BCSCs. This suggests a complementary role of AUR and BSO in disrupting antioxidant defenses, rendering E-BCSCs vulnerable to the oxidant stress elicited by the combined treatment. Indeed, the inhibitory effect of AUR or AUR+BSO on E-BCSCs was reversed by NAC ( Figures 5A and S5A) , confirming a role for oxidant stress in mediating the effects of AUR or AUR+BSO on E-BCSCs.
We also determined whether introducing exogenous antioxidant enzymes rescues the decreased E-BCSCs by AUR in SUM149 pretreated with or without PEGylated catalase (Cat, which removes H 2 O 2 ) or superoxide dismutase (SOD). Only PEGylated SOD inhibited the cytotoxic effect of AUR on E-BCSCs ( Figure S5C ). This suggests that mitochondrial superoxide production is harmful for E-BCSCs when the TXN antioxidant pathway is inhibited.
We next tested whether NRF2 inhibition by Trig sensitizes E-BCSCs to AUR treatment. Treatment of SUM149 with AUR at 200 nM or Trig at 3 mM each significantly reduced E-BCSCs, whereas AUR at 50 nM or Trig at 0.3 mM each had no effect (Figure 5C) . When low doses of AUR (50 nM) and Trig (0.3 mM) were employed, E-BCSCs was reduced to the same extent as in cells treated with 200 nM AUR, indicating a sensitizing effect of Trig on AUR in targeting E-BCSCs. Of note, treatment with higher doses of Trig (3 mM) and AUR (200 nM) did not result in further reduction of E-BCSCs, supporting the roles of Trig and AUR in abrogating E-BCSCs through the same pathway.
To substantiate the roles of TXN and GSH pathways in BCSCs, we examined how treatments with AUR and/or BSO affect sphere formation. As shown in Figures 5D and 5E , AUR at 0.3 mM significantly decreased sphere formation of SUM149 BC cells, while 0.1 mM of AUR reduced the size (from 164.4 ± 41.38 mm to 62.84 ± 12.75 mm in dimeter) but not the number of spheres formed, suggesting a role for a low dose of AUR in inhibiting stem or progenitor cell proliferation. This inhibitory effect of AUR on BCSC or progenitor cell activity was rescued by NAC ( Figure 5D, g and h) . In contrast to AUR, BSO at 10 or 30 mM each had no inhibitory effect on sphere formation ( Figure 5D , e and f). Of note, although BSO alone exerted no inhibitory effect, cotreatment with 10 mM BSO and 0.1 mM AUR exhibited a significant additive effect in suppressing sphere formation ( Figure 5D, i) , an effect that was fully inhibited by NAC ( Figure 5D , k). Combined treatment with 30 mM BSO and 0.3 mM AUR dramatically inhibited sphere formation ( Figure 5D , j), which was not fully rescued by NAC ( Figure 5D , l), suggesting an increase in toxicity while combining higher doses of AUR and BSO. These studies provide functional evidence that inhibition of the TXN pathway suppresses self-renewal or proliferative activity of BCSCs and that co-inhibition of TXN and GSH antioxidant pathways generates an additive effect to target BCSCs.
We also tested the effect of 2DG, AUR, and BSO on primary ( Figure 5F ) and secondary ( Figure 5G ) sphere formation of Vari068 primary tumor cells. AUR at 0.3 mM, but not 0.1 mM, significantly inhibited primary and secondary sphere formation, while 2DG (5 or 10 mM) or BSO (10 or 30 mM) had no significant effect. Combined treatment with 0.1 mM AUR and 10 mM BSO additively inhibited Vari068 sphere formation. We also observed an additive effect of 2DG (10 mM) combined with AUR (0.1 mM) and BSO (10 mM) in inhibiting primary and secondary sphere formation.
Suppression of TXN Antioxidant Pathways Renders E-BCSCs Vulnerable to ROS-Induced Differentiation and Cytotoxicity
To explore how inhibition of the TXN pathway abrogates sphere formation and reduces E-BCSCs, we determined whether AUR induces apoptosis directly in E-BCSCs. Treatment of SUM149 with AUR at 0.5 mM significantly decreased ALDH + E-BCSCs, whereas BSO at 1 mM had no significant effect ( Figure 6A ). This reduction of E-BCSCs by AUR was not due to the induction of apoptotic cell death ( Figures 6B and S5E) , although a significant increase of Annexin V + apoptotic cells in ALDH À differenti-ated tumor cells was observed upon treatment with AUR, but not BSO ( Figures 6B and S5E) .
We next determined whether AUR induces differentiation of E-BCSCs, rendering them sensitive to ROS-induced apoptosis. Treatment of SUM149 with AUR, but not vehicle or BSO, significantly increased the portion of cells expressing the luminal differentiation markers CD24 and CK8/18 ( Figures 6C and 6D ), suggesting that AUR reduced E-BCSCs by promoting their differentiation. Further examination of the cell proliferation marker Ki67 in E-BCSCs ( Figure 6E ) revealed that, in vehicle-treated SUM149 BC cells, Ki67 was found in almost 100% of cells expressing ALDH1A1; also, a significant portion of ALDH1A1 + cells were found in mitosis, reflecting the highly proliferative nature of E-BCSCs. After AUR treatment, the expression of Ki67 was lost in more than 90% cells expressing ALDH1A1, and none of these cells were found in mitosis, suggesting that AUR treatment blocked the proliferation of E-BCSCs, a phenomenon that may accompany terminal differentiation. We also determined whether 2DG affects the proliferation of E-BCSCs and observed that 2DG at 20 mM increased ALDH1A1 and Ki67 double-positive cells. As 2DG or H 2 O 2 promotes the transition of ROS lo M-BCSCs to a ROS hi E-state vulnerable to the inhibition of TXN and GSH antioxidant pathways, our studies provide a conceptual framework for targeting M-and E-BCSCs by co-inhibition of glycolysis and TXN and GSH pathways.
Co-inhibition of Glycolysis and TXN and GSH Antioxidant Pathways Additively Suppresses Tumor Growth, Metastasis, and Tumor-Initiating Potential by Targeting Both M-and E-BCSCs
We next determined whether combining the glycolytic inhibitor 2DG with inhibitors of TXN and GSH pathways effectively targets M-and E-BCSCs in two PDXs of TNBC. NOD/SCID mice bearing Vari068 tumors were randomized into four cohorts and treated with Vehicle, 2DG (400 mg/kg), AUR (1.5 mg/kg)+BSO (30 mg/kg), and 2DG+AUR+BSO, respectively. After 7 weeks of treatment, 2DG did not suppress tumor growth, whereas AUR+BSO significantly reduced tumor growth ( Figure 6F ) associated with reduced TR activity and the ratio of GSH to GSSG ( Figure 6I ) in the tumors, indicating an effect of inhibition of antioxidant defenses mediated by AUR+BSO on tumor growth. Although 2DG alone had no effect, treatment with 2DG together with AUR+BSO additively suppressed tumor growth ( Figure 6F ), cell proliferation ( Figure S6A ), and the content of both E-BCSCs ( Figure 6G ) and M-BCSCs ( Figure 6H ). The additive effect of 2DG and AUR+BSO in suppressing BCSCs was validated by tumor-initiating studies in secondary NOD/SCID mice ( Figure 6J ). Only the combination of 2DG+AUR+BSO significantly decreased the frequency of tumor-initiating cells in Vari068.
As tumor growth inhibition was apparent only at the late phase of treatment (weeks 4-7, Figure 6F ), we tested the antitumor effects of single or combinatory treatment in another TNBC PDX model, MC1, utilizing an increased dose of AUR (3 mg/kg). This study demonstrated that AUR or BSO either alone or combined with 2DG had no significant effect on tumor growth ( Figure S6B ). However, combinatory treatment using 2DG+AUR+BSO significantly suppressed MC1 tumor growth at earlier time points (day 17 and 23, Figure S6C ), associated with significant reduction of both M-and E-BCSCs (Figures S6D and S6E) and reduced frequency of tumor-initiating cells ( Figure S6F) .
As Vari068 or MC1 PDX mice are rarely or not metastatic, we assessed whether the combinatory approach by co-inhibition of glycolysis and TXN and GSH antioxidant pathways suppresses metastasis of luciferase-labeled SUM159 BC cells introduced into NOD/SCID mice by cardiac injection. The formation of systemic metastasis was monitored by bioluminescent imaging after 4 and 7 weeks of treatment. As shown in Figure 7A , compared to vehicle-treated mice, which exhibited metastasis formation in all mice at week 4 and 7 (3 mice died from week 4 to 7 due to severe tumor complications), treatment with AUR (1.5 mg/kg)+BSO(30 mg/kg) or 2DG(400 mg/kg)+AUR+BSO for 7 weeks suppressed metastasis formation over 70% and 85%, respectively. In contrast, a separate study of 2DG (400 mg/kg) or vehicle-treated mice for 7 weeks revealed that 2DG alone did not significantly inhibit metastasis formation ( Figures S7A  and S7B) . Together, these studies build a conceptual framework to collectively target M-and E-BCSCs in TNBC by co-inhibition of glycolysis and NRF2-mediated antioxidant responses. This combinatory approach, by disrupting redox homeostasis of two distinct BCSC states, promotes differentiation and subsequent apoptosis of BCSCs ( Figure 7B ).
Elevated Expression of NRF2 and TXN Antioxidant Pathway Genes Significantly Correlates with Poor Survival of BC Patients
To determine whether NRF2 and its downstream TXN and GSH antioxidant pathways play a role in affecting the clinical course of BC, we performed Kaplan-Meier analysis using a 3,951-BC-patient database (Gyö rffy et al., 2010) . Remarkably, NRF2 (Figure 7C) and 7 out of 10 TXN antioxidant pathway genes that were elevated in E-BCSCs of Vari068 and MC1 PDXs, including PRDX1, 4, 5, 6, TXN, and TXNRD1 and 3 ( Figure 7D ), were all inversely correlated with patient survival. In contrast, of the 19 GSH pathway genes that were mostly elevated in E-BCSCs (Figure 4A) , only GCLM ( Figure S7C ) and GSTO1 ( Figure S7D ) were inversely correlated with patient survival.
We next determined whether expression of NRF2 and its downstream TXN antioxidant pathway genes are correlated with disease progression across the specific molecular subtypes Figure S7E) , potentially due to the relatively small number of basal and HER2+ BC patients in the database. Of the seven TXN pathway genes that correlate to poor patient survival, PRDX1, 4, and 6 ( Figures S7F-S7H ) and TXNRD1 (Figure S7I) were significantly correlated with poor survival of luminal A or B subtypes, while PRDX5 ( Figure 7E, upper) is specifically correlated with poor patient survival of basal, but not luminal A or B or HER2+ subtypes. High TXN expression also correlates with poor patient survival of the basal and luminal A subtype (Figure 7E, lower) . These data suggest further prognostic value of the TXN pathway gene expression, especially PRDX5 and TXN, in the clinical course of basal BC.
DISCUSSION
In this study, we report distinct redox states and divergent sensitivities of E-and M-BCSCs to metabolic or oxidant stress. These differential responses of E-and M-BCSCs to metabolic or oxidative stress are linked to their distinct metabolic pathways, which are identified by extensive gene profiling and pathway analysis of the RNA-seq data derived from E-and M-BCSCs and bulk tumor cells isolated from two independent PDXs of TNBC. We demonstrate that, although both BCSC states exhibit elevated glycolysis regulatory genes, the proliferative E-BCSCs are endowed with robust mitochondrial OXPHOS capacity and metabolic plasticity coupled with highly elevated NRF2 antioxidant responses, allowing them to survive metabolic or oxidative stress.
In addition to identifying metabolic differences between E-and M-BCSCs, we show that metabolic or oxidant stress promotes the transition of BCSCs from the ROS lo M to a ROS hi E state and that E-BCSCs are endowed with elevated NRF2 antioxidant defenses. These findings also identify NRF2 and its downstream TXN and GSH antioxidant pathways as potential metabolic targets in these cells. We demonstrated that inhibition of the TXN pathway had a prominent inhibitory effect on E-BCSCs and that co-inhibition of the TXN and GSH antioxidant pathways additively abrogated E-BCSCs and tumorsphere formation, suggesting synthetic lethality for E-BCSCs when both pathways are collectively targeted. These studies are consistent with recent studies showing that blocking GSH and TXN pathways synergistically inhibits tumor growth (Fath et al., 2011; Harris et al., 2015) . As metabolic or oxidative stress such as glycolytic inhibition by 2DG promotes the transition of quiescent M-BCSCs to their proliferative E-state, which is susceptible to the blockade of NRF2 or its downstream TXN and GSH pathways, we tested a combinatory treatment approach utilizing 2DG together with inhibitors of TXN (AUR) and GSH (BSO) pathways in two PDXs and a systemic metastasis model of TNBC. We demonstrated that this combinatory approach significantly suppressed tumor growth, tumor-initiating potential, and metastasis by abrogating both M-and E-BCSCs. Although statistically significant, we acknowledge that the antitumor effects of the combination therapy in suppressing tumor growth and BCSCs in two PDXs of TNBC are modest. One reason for this may be due to the low dosage of AUR utilized in order to avoid toxicity observed in NOD/ SCID mice when combining higher doses of AUR with BSO (Figure S6B) . This toxicity warrants further studies using better inhibitors of NRF2-mediated antioxidant pathways to target ALDH + E-BCSCs. Nevertheless, our preclinical studies suggested a novel, pro-oxidant-based therapeutic approach utilizing 2DG or other ROS-inducing agents in combination with inhibitors of NRF2-mediated antioxidant responses (i.e., AUR and BSO) to treat metastatic cancer (i.e., TNBC), by targeting CSCs of different phenotypic states.
Besides defining the metabolic vulnerabilities of BCSCs, Kaplan-Meier analysis of a BC gene-expression database suggested that the elevated NRF2-TXN antioxidant pathway correlates to poor BC patient survival and that high levels of PRDX5 and TXN gene expression also correlate with poor patient survival of TNBC. The association of genes involved in the regulation of cancer stem cells, which constitute only a small proportion of tumor cells in whole-tumor samples, to patient outcome suggests a role of ''stemness'' gene signature in predicting tumor ''dedifferentiation'' state and poor clinical outcome. Strong support for this association was recently reported by Malta et al. (2018) , who utilized TCGA data involving 12,000 primary tumors representing 33 different cancer types to demonstrate that a ''stemness index'' calculated on total tumor mRNA expression reflected the proportion of stem-like cells and predicted development of metastases and patient outcome (Malta et al., 2018) .
In this report, we documented that proliferative E-BCSCs exhibit significantly higher ROS levels than those of quiescent M-BCSCs. The different redox levels observed in E-and M-BCSCs suggest that adequate levels of ROS in E-and M-BCSCs are required for maintaining each BCSC state. This idea is further supported by our findings that 2DG or H 2 O 2 treatment propagated E-BCSCs, whereas treatment of presorted E-BCSCs with the thiol antioxidant NAC significantly decreased E-while increasing M-BCSCs. We identified divergent mechanisms by which ROS stimulates E-BCSCs via HIF1a-dependent and -independent pathways ( Figure 3P ). These studies are in agreement with a recent report documenting that MYC and MCL1, two genes frequently amplified in TNBC, cooperatively increase ROS generation by promoting mitochondrial OXPHOS, leading to increased HIF1a stabilization and enrichment of ALDH + BCSCs (Lee et al., 2017) .
One of the key findings in this study is that metabolic or oxidative stress, through modulation of the AMPK-HIF1a axis, regulates BCSC state equilibrium and phenotypic plasticity. This tight association of cell redox potential with BCSC state dynamics sheds light on the controversial roles of antioxidants in cancer, as studies have documented context-dependent roles of antioxidants in promoting (DeNicola et al., 2011; Harris et al., 2015; Sayin et al., 2014) or suppressing (Gao et al., 2007; cancer development. On one hand, antioxidants help to scavenge ROS from the body, preventing their cancer-causing effects in damaging DNA as well as proteins and lipids important for tissue homeostasis. On the other hand, once cells are transformed, exposure to antioxidants may promote the transition of cancer stem cells to a quiescent, M-like state that is prone to escape traditional therapy and form distal micro-metastases that can then re-enter a proliferative state. Indeed, treatment of melanoma cells with the antioxidant NAC has been shown to promote metastasis (Piskounova et al., 2015) . Together, our studies reveal novel cellular and molecular mechanisms demonstrating how perturbation of redox signaling modulates the equilibrium of BCSC states. These studies define metabolic vulnerabilities of M-and E-BCSCs, and they also provide a feasible therapeutic approach to collectively target these distinct CSC states. As CSC state equilibria may be similarly regulated across a spectrum of tumors with diverse oncogenic drivers, this approach may have broad therapeutic applicability.
Limitations of the Study
One limitation of this study is that it utilizes PDX models established in immune-deficient mice to investigate BCSC metabolic pathways and evaluate the effects of pro-oxidant-based combination therapy to target BCSCs. These preclinical models are appropriate to assess antitumor efficacies of the therapeutic strategies directly on patient-derived tumor cells. However, as the immune system plays important roles in regulating CSCs and treatment responses, future studies are needed to assess how modulation of glucose and redox metabolism affects distinct CSC states in immune-competent animal models. This limitation must be taken into account when interpreting the results and translating the therapeutic approaches to patients.
STAR+METHODS
Detailed methods are provided in the online version of this paper and include the following: antibiotic-antimycotic (both from Invitrogen). MCF-7 was maintained in EMEM medium (ThermoFisher Scientific) supplemented with 5% FBS, 1% antibiotic-antimycotic (both from ThermoFisher Scientific), and 5 mg/ml insulin (Sigma, St Louis, MO). HCC1806, HCC1937 and T47D were maintained in RPMI1640 medium (ThermoFisher Scientific) supplemented with 10% FBS and 1% antibiotic-antimycotic. All cell lines were developed from female breast cancer patients and are cultured in an incubator at 37 C with 5% CO 2.
Mouse Models
Vari068 xenograft model was recently established by injecting dissociated tumor cells derived from a female Caucasian patient with TNBC into the No. 4 mammary fat pads of NOD/SCID mice. A section of tumor from a lumpectomy of the Caucasian patient with TNBC was submitted to Van Andel Research Institute. MC1 xenograft model was established from an ER À PR À ERBB2 À tumor derived from a female patient at the University of Michigan Hospital, and currently is at the 20th passage in NOD/SCID mice. Patient-derived xenograft models of TNBC including Vari068 and MC1 were established with informed patient consent and approved by the institutional review board at the University of Michigan under the IRB protocol IRBMED: 2001-0344.
Animal Studies and Drug Treatment
Female NOD/SCID mice were bred at the Unit for Laboratory Animal Medicine (ULAM) of University of Michigan and housed in AAALAC-accredited specific pathogen-free rodent facilities in standard cages at constant temperature (24 C) and humidity (29.1%), with 12 hour light-dark cycles and standard chow. Tumor growth was determined by injecting primary breast cancer cells (Vari068: 5x10 5 cells per site; MC1: 2000 cells per site) with 30% Matrigel (BD Biosciences) into the #4 mammary fat pads of 6-weekold female NOD-SCID mice with 8-10 mice per cohort. Drug treatments were started when the tumors reached to 3-5mm in diameter.
To detect the antitumor effect on systemic metastasis, luciferase-labeled SUM159 BC cells (100K in 100 ml of PBS) were injected into the left ventricle of 6-8-week-old female NOD/SCID mice. Drug treatment started at the following day of cardiac injection. Metastasis formation was detected by bioluminescent imaging after 4 and 7 weeks of treatment. 2DG (400mg/kg), Auranofin (1.5-5 mg/kg) and BSO (30 mg/kg) were given by I.P., every two days. Tumor size was measured once a week with a caliper, and calculated as tumor volume = Length x Width 2 /2. Animals were euthanized at the end of treatments and tumor cells were dissociated into single cells and analyzed by Aldeflour or CD24CD44 flow cytometry. Tumor cells of human origin in tumor xenografts were obtained by gating out mouse H2Kd + cells. For secondary transplantation, H2Kd À primary tumor cells sorted by flow cytometry were prepared in 30% Matrigel (BD Biosciences) with 2 or 3 different dilutions, and injected bilaterally into the #4 mammary fat pads of 6-week-old female NOD-SCID mice with 3-4 mice per dilution. Tumor appearance was monitored for 3 months and frequency of tumor initiating cells following transplantation was calculated using the ELDA software (Walter + Eliza Hall Bioinformatics, Institute of Medical research).
All mouse experiments were performed in accordance with protocols approved by the Institutional Animal Care and Use Committee of University of Michigan.
METHOD DETAILS
RNA Sequencing, Gene Profiling and iPathway Analysis Total RNA was extracted from E-(H2Kd À ALDH + ), M-(H2Kd À CD44 + /CD24 À ) BCSC-enriched and bulk (H2Kd À ALDH À CD44 À /CD24 + ) cell populations freshly sorted from dissociated tumor cells of Vari068 and MC1 PDXs. RNA samples were sent to Tgen (Arizona, USA) for processing and sequencing. Expression data for annotated metabolic and antioxidant pathway genes were extracted. For each PDX, data of M-and E-BCSCs were normalized to Bulk. The statistical program R was then used to create a heatmap with the heatmap.2 command with no row or column clustering and with row data scaling, which is shown as the Row Z-Score. For iPathway analysis (https://ipathwayguide.advaitabio.com), 3759 differentially expressed genes were identified out of a total of 9983 genes with measured expression. These were obtained using a threshold of 0.05 for statistical significance (p value) and a log fold change of expression with absolute value of at least 0.6. These data were analyzed in the context of pathways obtained from the Kyoto Encyclopedia of Genes and Genomes (KEGG) database (Release 81.0+/01-20, Jan 17), gene ontologies from the Gene Ontology Consortium database (2016-Sep26), miRNAs from the miRBase (Release 21) and TARGETSCAN (Targetscan version: 7.1) databases, and diseases from the KEGG database (Release 81.0+/01-20, Jan 17).
Cell Labeling and Flow Cytometry
To determine the effect of drug treatment on M-and E-BCSCs in basal BC cell lines, SUM149 or HCC1806 following various treatment were digested by 0.25% Trypsin-EDTA, re-suspended in HF buffer (HBSS plus 2% FBS) at 2x10 5 cells/100 ml and incubated with antibodies against human CD24 (PE-Cy7-conjugated, 1:100 from BD for SUM149 or 1:75 from Biolegend for HCC1806) and CD44 (APC-conjugated, 1:200, from BD) in cold room for 30 minutes. Content of ALDH + E-BCSCs was determined by Aldefluor assay (StemCell Technologies) per manufacturer's instructions. After labeling, cells were washed twice, re-suspended in HF or Aldefluor assay buffer containing 1mg/mL of 4 0 , 6-diamidino-2-phenylindole (DAPI) (sigma) to discriminate live from dead cells. To label M-BCSCs from luminal BC cells (MCF7 and T47D), antibodies against human CD24 (FITC-conjugated, 1:200, BD) and CD44 (APC-conjugated, 1:200, BD) were used. To obtain M-and E-BCSCs and bulk tumor cells from tumor xenografts, tumors of Vari068 and MC1 PDX models grown in NOD/SCID mice were digested into single cells by collagenase for an hour and briefly shaken every 15 minutes. Cells debris was removed by filtration through a 40 mm cell strainer (BD Biosciences) to obtain single cell suspensions. Red blood cells were removed with 0.8% ammonium chloride solution. The dissociated single tumor cells were re-suspended in HF buffer and incubated first with antibodies (all from BD Biosciences) against mouse H2Kd (PE conjugated, 1:100, BD) and human CD24 (PE-Cy7-conjugated, 1:100, BD) and CD44 (APC-conjugated, 1:100, BD) in cold room for 30 minutes. Tumor cells labeled with H2Kd, CD24 and CD44 antibodies were further subjected to Aldefluor assay and tumor cells of human origin in tumor xenografts were obtained by gating out mouse H2Kd + cells. Flow cytometry analysis or sorting was performed on a MoFlow XDP or Astrios Cell Sorter (Beckman Coulter) at the University of Michigan Flow Cytometry Core facility.
Analysis of ROS and Mitochondrial Superoxide
To measure cellular ROS and mitochondrial superoxide levels, cells were stained with CellROX Orange or MitoSOX Red (all from Thermo Fisher Scientific), which generates florescent signals when oxidized by reactive oxygen species (ROS) or mitochondrial superoxide in the cells. Cells were incubated with pre-warmed CellROX or MitoSOX Red (diluted in PBS to a final concentration of 2.5 mM) staining solution for 30 min at 37 C. All subsequent steps were performed in the dark. Cells were washed in PBS, harvested, and further labeled with Aldefluor assay or markers of M-BCSCs (CD24 and CD44 conjugated with corresponding fluorophores). Cells were then analyzed by flow cytometry. Data analysis was performed using the FlowJo software.
Metabolic States of BCSCs and Differentiated Tumor Cells by FLIM
To quantify the metabolism of distinct BCSC states versus bulk tumor cells, we choose HCC1806 as a model system as the sorted E-(ALDH + ), M-(ALDH À CD24 À CD44 + ) as well as bulk tumor cells (ALDH À CD24 + CD44 À ) fully adhere and spread in 2h when plated in complete medium, which is necessary for measuring their metabolic states and keeping their original stem or differentiated status. We conducted fluorescence lifetime imaging (FLIM) of the endogenous fluorophore NADH, a metabolic cofactor with long or short lifetimes reflecting its mitochondrial protein bound (OXPHOS) or unbound (glycolysis) state respectively. We performed all studies with a two-photon Olympus FVMPE RS microscope outfitted with a 25X/1.05 numerical aperture objective and Insight DS+ (Spectra-Physics) laser combined with an ISS FastFLIM system for phase-resolved lifetime measurements. We first calibrated the FLIM system using a fluorescein dye slide with a single component lifetime of 4.1 ns, 740nm excitation wavelength, 552nm dichroic mirror, and an open filter. For imaging samples, we used a 740nm excitation wavelength, 552nm dichroic mirror, and 435/50 band pass filter for emitted light from NADH. We scanned each plane 16 times with 2x zoom at 512x512 pixels with a pixel dwell time of 4ms at 15% laser to acquire sufficient counts to reach the threshold needed for reliable FLIM data based on recommendations of the manufacturer.
To analyze FLIM data, we exported the modulation lifetime and DC counts from the ISS VistaVision software into MATLAB. Using custom built software, we omitted data points that did not reach our count limit of 10 or did not have a modulation lifetime between a 0.5 and 5.5 ns. We then applied a Gaussian filter on the images and pseudo colored them to display their NADH lifetime. Data are presented as box and whisker plots plotted in GraphPad Prism with error bars representing the 5 th and 95 th percentiles, respectively. Significance testing was performed using one-way analysis of variance (ANOVA) and multiple comparison functions in MATLAB.
Apoptosis, Cell proliferation and Differentiation
Apoptotic cells in cultured SUM149 breast cancer cells following 2DG, AUR or BSO treatment were determined by labeling with APC-AnnexinV (BD, 1:50) and subjected to flow cytometry to detect AnnexinV-staining cells in E-(ALDH + ), M-(CD24 À CD44 + ) BCSCs and bulk cells (CD24 + CD44 À or ALDH À ). To detect proliferative status of tumor cells in tissue sections or E-BCSCs following AUR, BSO or 2DG treatment, dewaxed and antigen retrieved tumor sections or 4% paraformaldehyde fixed SUM149 breast cancer cells cultured on chamber slides were labeled by Ki67 (1:100, Cell Signaling Technology) together without or with ALDH1 (LSBio, 1:100) antibodies. SUM149 BC cell differentiation following AUR or BSO treatment was determined by fluorescent staining of luminal epithelial cell markers cytokeratin8/18 (American Research Products, 1:300) and CD24 (BD Biosciences, 1:100). All tissue/cell samples were mounted with VECTASHIELD mounting medium with DAPI (Vector Laboratories). Slides were examined under a BX41 microscope (Olympus) using UplanF1 20x-40x/0.5 objective lenses. Images were captured with a DP70 camera with DP Controller version 1.2.1.108 (Olympus).
RNA Extraction and qRT-PCR
Total RNA was extracted using an RNeasy Mini kit (QIAGEN), and 10ng to1 mg of RNA was used for cDNA generation with the High-Capacity cDNA Reverse Transcription Kit (Life Technologies). cDNA was analyzed using TaqMan Real-Time PCR Master Mix (ThermoFisher Scientific) on ABI PRISM 7900HT Real-Time PCR system (Applied Biosystems) according to the manufacturer's instructions. Commercial primer pairs of NOTCH1, HES1, ALDH1A1, ALDH1A3 and GAPDH as well as NRF2 RT-PCR primers are listed in Key Resource Table. The relative gene expression level of mRNAs was generated by normalization to internal control GAPDH.
Western Immunoblotting
Total cell protein was extracted with RIPA buffer (10mM Tris.Cl, 100mM NaCl, 2mM EDTA, 20mM NaF, 5 mM Na 3 VO4, 0.5% sodium deoxycholate, 0.1% SDS, 1% Triton X-100) supplemented with protease inhibitor cocktail (Sigma). Cell lysates were subjected to e4 Cell Metabolism 28, 69-86.e1-e6, July 3, 2018 10% SDS-PAGE, transferred to nitrocellulose membrane and probed with different primary antibodies as listed in the resource table. Secondary antibodies against rabbit and mouse antibodies were purchased from Cell Signaling Technology and Santa Cruz Biotechnology respectively.
Tumorsphere Assay
For tumorsphere culture of SUM149 BC cell lines transduced with shNRF2 7555, 7557 or SCR, 20 cells were allocated into each well of 96-well ultralow attachment plate (Corning) in 120 ml of completed human MammoCult medium (StemCell Technologies) supplemented with 4 mg/mL heparin, 1 mg/mL hydrocortisone, 1% antibiotic-antimycotic and 20 mg/mL gentamycin (all from Invitrogen) and cultured for 7-10 days. Tumorspheres with diameter over 40 mM were counted under an optical microscope with 10x optical lens (EVOS all-in-one digital inverted microscope). For secondary tumorsphere formation, spheres in all wells of each 96-well ultralow attachment plate were pooled and dissociated into single cells by 0.25% trypsin-EDTA. Cells (20 cells/well) derived from primary spheres were cultured at the same conditions for 7-10 days as described above, counted and plotted for mean sphere formation per 100 cells. Tumorspheres of parental SUM149 BC cells under various drug treatment regimens were cultivated at the condition of10 cells/well. For sphere formation of Vari068 xenograft tumor cells, H2Kd À tumor cells of human origin were sorted and placed at a density of 20,000 cells/mL (first passage, P1) or 5,000 cells/mL (second passage, P2) in 6 well ultralow attachment plates (Corning). Cells were cultured in completed human MammoCult medium for 7-10 days. To count tumorspheres, spheres formed in each well of 6-well plate were collected and transferred to one well of regular 96-well flat-bottomed plate. Tumorspheres settled in these conditions were counted under an optical microscope at low magnification.
shRNAs and Lentiviral Infection Lentiviral mission shRNA clones against HIF1a (TRCN0000003808, TRCN0000003809, TRCN0000003810, TRCN0000003811 and TRCN0000010819), NRF2 (TRCN0000007555 and TRCN0000007557) were purchased from Sigma. Recombinant lentiviruses expressing HIF1a or NRF2 shRNA as well as scrambled sequence were packaged at the University of Michigan Vector Core. Parental SUM149 BC cells were infected with recombinant lentiviruses at the presence of polybrene (8 mg/ml, Millipore) overnight and the medium containing viruses was changed and replaced with fresh medium after 20 hr of infection. Puromycin (Invitrogen) selection was performed using 2.5mg/ml for 1 week to select lentiviral vector transduced cells.
Tumor Glutathione Assay
To detect GSH/GSSG ratios in tumor tissues following Vehicle or AUR+BSO treatment, tumor samples were stored frozen at À80 for less than 2 weeks before processing. Approximately 2 mg sample of 10 xenografts were homogenized in 150 mL DETAPAC buffer [1.34 mM Diethylenetriaminepenta-Acetic acid (Sigma D6518) in potassium phosphate buffer]. After centrifugation 50 mL of supernatant was combined with 50 mL of 5% sulfosalicylic acid (Sigma S2130). Total GSH content was determined by mixing 700 ml working buffer [0.298 mM NADPH (Sigma N6505) in sodium phosphate buffer], 100 ml Ellman's Reagent [6 mM 5,5 -dithiobis-2-nitrobenzoic acid (Sigma D8130) in sodium phosphate buffer], 100 ml dH 2 O, 5-25 ml of sample and 50 ml glutathione reductase (Sigma G4759 made to $0.023 U/mL in water) in a plastic cuvette and the absorbance read at 412 nm, every 15 s for 2.5 min in a 6 sample automatically controlled DU670 Beckman spectrophotometer. The baseline rate obtained using the equivalent amount of sample buffer was subtracted from each sample rate. Glutathione disulfide (GSSG) was determined by adding 3 mL of a 1:1 mixture of 2-vinylpyridine (Sigma-Aldrich 132292) and ethanol to 50 mL of sample and incubating for 2 hours before adding the 5% sulfosalicylic acid and assaying as described. The rates of the reactions were compared with similarly prepared GSH and GSSG standard curves. GSH determinations were normalized to the protein content of 2 mL of homogenate in DETAPAC buffer by Lowry method.
Thioredoxin Reductase Assay
Approximately 2 mg sample of 10 xenografts were homogenized in thioredoxin reductase assay kit buffer with the addition of miniprotease inhibitor (Roche 04693159001) and centrifuged for 10,000 g for 15 minutes. 30-50 mL of the supernatants were then processed using the thioredoxin reductase assay kit (Sigma CS0170). A standard curve was made using pure thioredoxin reductase and all sample's subtracted rates (with and without inhibitor) were within the range of the standard curve. Each sample was normalized to protein using the Lowry protein assay.
QUANTIFICATION AND STATISTICAL ANALYSIS
Kaplan-Meier Analysis
Kaplan-Meier analysis of the TXN and GSH antioxidant pathway genes in 3951 breast cancer patient database (including all molecular subtypes) are performed using Kaplan-Meier Plotter (http://kmplot.com/analysis/index.php?p=service&default=true). Selected TXN antioxidant pathway genes with correlation to poor patient survival were further analyzed using restricted analysis to different molecular subtypes.
Statistical Analysis
Results are presented as the Mean ± SD (standard deviation) for representative experiments with 2-3 independent biological repeats. The statistical parameters used for the specific sets of data are described in the figure legends. In most cases, the unpaired, two-tailed Student's t test was used to compare two groups. A P value of < 0.05 was considered as statistically significant. No statistical method was used to determine whether the data met assumptions of the statistical approach. Statistical analysis was performed using the Prism 6 (GraphPad) software.
DATA AND SOFTWARE AVAILABILITY
The processed and raw data files of RNA-seq reported in this paper have been deposited at https://www.ncbi.nlm.nih.gov/geo with access number: GSE115302.
